A potential function of this lipid in later steps of the viral life cycle remained controversial, with secretion of virions and subviral particles (SVP) being either inhibited or not affected, depending on the experimental approach employed to decrease the intracellular cholesterol level. This work addressed the role of host cell cholesterol on HBV replication, assembly, and secretion, using an alternative method to inhibition of the enzymes involved in the biosynthesis pathway. Growing HBV-producing cells with lipoprotein-depleted serum (LPDS) resulted in an important reduction of the amount of cholesterol within 24 h of treatment (about 40%). Cell exposure to chlorpromazine, an inhibitor of the clathrin-mediated pathway used by the low-density lipoprotein receptor for endocytosis, also impacted the cholesterol level; however, this level of inhibition was not achievable when the synthesis inhibitor lovastatin was used. HBV secretion was significantly inhibited in cholesterol-depleted cells (by ϳ80%), while SVP release remained unaffected. The viral DNA genome accumulated in LPDS-treated cells in a time-dependent manner. Specific immunoprecipitation of nucleocapsids and mature virions revealed an increased amount of naked nucleocapsids, while synthesis of the envelope proteins occurred as normally. Following analysis of the large envelope protein conformation in purified microsomes, we concluded that cholesterol is important in maintaining the dual topology of this polypeptide, which is critical for viral envelopment.
A large variety of viruses, of which many are important human pathogens, depend on lipid and cholesterol metabolism in host cells during at least one step of their life cycle. Hepatitis C virus, for instance, relies on lipids for entry into target cells (21) , RNA replication (22) , viral assembly (45) , as well as infectivity (1, 37) . Cholesterol-rich plasma membrane domains (lipid rafts) are important for HIV entry, assembly, and infectivity (2) . In the case of hepatitis B virus (HBV), efficient infection of hepatocytes was shown to be dependent on the cholesterol content of the viral envelope (6, 37) ; more recently, a role for caveolin-1, a structural protein of lipid rafts, was suggested in HBV entry (30) .
HBV is an enveloped member of the Hepadnaviridae family bearing an unusual feature among animal viruses, in that multiple types of virus-related particles are assembled in infected cells. The infectious virions, also called "Dane" particles, are sphere-shaped, 42-nm-diameter particles containing the nucleocapsid surrounded by an envelope composed of cellular lipids and three structural viral proteins. These are designated the large (L), middle (M), and small (S) proteins and derive from the same open reading frame, sharing a common S domain (43) . In addition to mature virions, coreless, noninfectious lipoprotein particles occurring in two morphological forms were identified by electron microscopy in human serum (14, 41) . These 22-nm-diameter spheres and filament structures, called subviral particles (SVPs), result from the selfassembly of the S protein and are secreted in enormous quantities (up to 10 6 -fold excess over virions). It is estimated that 25% of their mass consists of host cell-derived lipids, of which cholesterol, both free and esterified, is a major component, accounting for approximately 30% of the lipid content (16) . Although a role for cholesterol in HBV entry has been clearly shown (6) , investigation of virion and SVP secretion from cells treated with cholesterol-lowering agents has led to controversial results. Mammalian cells acquire this lipid through two main pathways: by synthesis from acetyl coenzyme A (acetylCoA) via the mevalonate/isoprenoids pathway and by endocytosis of the low-density lipoprotein (LDL)-associated cholesterol from serum, following binding to the LDL receptor (9, 17) . These pathways are tightly regulated by sterol regulatory element binding proteins (SREBPs), localized at the endoplasmic reticulum (ER) membrane. Inhibition of cholesterol synthesis in HBV-producing hepatoma cells using lovastatin (Lova), a competitive inhibitor of 3-hydroxy-3-methylglutaryCoA (HMG-CoA) reductase, resulted in impaired secretion of SVPs, while the release of virions was not affected (27) . In contrast, an independent study demonstrated that a significant effect on virion but not SVP secretion was obtained following a 6-day treatment of HepAD38 cells with a different inhibitor, NB598 (6) . This compound decreases cholesterol synthesis by inhibiting the squalene epoxidase, an enzyme involved in the postisoprenoid synthesis step (19) . Isoprenoids are key molecules involved in multiple cellular processes and signaling pathways (18) . Thus, the reported discrepancies in HBV and SVP secretion may be accounted for by the isoprenoid synthesis being either perturbed or preserved during treatment with inhibitors of the cholesterol pathway (6) .
In this study, we investigated the impact of host cell cholesterol depletion on HBV replication, assembly, and secretion, using a fast and nontoxic approach to decrease the cholesterol levels by preventing its cellular uptake. We found that growing HBV-producing cells with lipoprotein-depleted serum (LPDS) led to a 40% reduction of the intracellular cholesterol level within 24 h of treatment, which was not achievable using the synthesis inhibitor Lova. This effect was dose dependent and similar to that obtained in the presence of chlorpromazine (Cpz), an inhibitor of the clathrin-mediated pathway used by the LDL receptor for internalization (17) . Under these conditions, HBV secretion was significantly inhibited (by ϳ80%), while SVP release was not affected. Secretion-incompetent viral DNA was found to accumulate in LPDS-treated cells in a time-dependent manner. This was accompanied by an increase of the amount of nonenveloped nucleocapsids, despite synthesis of the envelope proteins occurring normally. Further investigation of the mechanism underlying this effect concluded that cholesterol plays a complex role in maintaining the peculiar, dual topology of the L protein, which is essential for nucleocapsid envelopment and receptor recognition on target cells.
manufacturer's instructions. Spectrofluorimetric measurements were performed using a Jasco FP-6500 spectrofluorimeter (530-nm excitation/590-nm emission wavelengths), and the values obtained were normalized to the total protein content, as measured by the bicinchoninic acid (BCA) assay (Pierce).
Quantification of HBV secretion by real-time PCR. HepG2 2.2.15 cells were grown in RPMI medium supplemented with 10% either FBS, 10% LPDS, or a mixture of the two. Where indicated, cells were transfected with ADRP-specific siRNA, as described above. When the effects of cholesterol uptake/synthesis were investigated, cells were treated with 10 M Lova or 10 g/ml Cpz for the times indicated. Encapsidated viral DNA was purified from supernatants by phenol-chloroform extraction, as described elsewhere (24) . The DNA was quantified using a Corbett Rotor Gene 6000 real-time PCR system and Maxima SYBR green quantitative PCR (qPCR) master mix (Fermentas). Primers were designed to amplify a 279-bp HBV-specific fragment: HBV3575-3854_for (5Ј-T CCAGGATCCTCAACAACCAGCACG-3Ј) and HBV3575-3854_rev (5Ј-TGG CCCCCAATACCACATCATCC-3Ј). The number of viral genome equivalents was determined using a calibration curve containing known amounts of HBV DNA.
Quantification of HBV replication by Southern blotting. HepG2 2.2.15 cells were maintained in RPMI complete medium supplemented with 10% either FBS or LPDS for 24, 48, and 72 h. Treatment with 10 M lamivudine (3TC; Moravek Biochemicals) was also included as a control of inhibition of viral replication. The encapsidated viral DNA was purified from an equal number of cells by phenol-chloroform extraction, as for the real-time PCR. The resulting DNA pellet was resuspended in nuclease-free water, analyzed in a 1.2% agarose gel, and transferred to a Hybond-Nϩ membrane (GE Healthcare), using a vacuum transfer blotter (Bio-Rad). The blot was further hybridized with a fluoresceinlabeled probe obtained by random priming using the HBV DNA genome as template. The HBV-specific DNA bands were detected using antifluorescein alkaline phosphatase (AP)-conjugated monoclonal antibodies (MAbs) and a Gene Images CDP-Star detection kit (GE Healthcare).
Quantification of HBV SVPs by ELISA. The cells and supernatants used for the quantification of HBV replication and secretion were also analyzed for the amount of HBsAg, using a Monolisa HBsAg ultrakit (Bio-Rad). The results were obtained as ratios of signal to cutoff value and were converted to percentages of HBsAg secretion.
Quantification of intracellular HBV by immunoprecipitation and real-time PCR. HepG2 2.2.15 cells were maintained in complete RPMI medium supplemented with 10% either FBS or LPDS for 24, 48, and 72 h. Cells were harvested and counted under a microscope, and an equal number was incubated in 5 mM HEPES buffer (pH 7.3) containing 200 mM NaCl and 10 mM CHAPS {3-[(3-chloramidopropyl)-dimethylammonio]-1-propanesulfonate} for 15 min on ice. CHAPS is a weak detergent that preserves the integrity of the virions under the mild treatment conditions used (data not shown). Lysates were cleared by centrifugation at 14,000 ϫ g, divided into equal volumes, and further used for immunoprecipitation. A mixture of anti-core antibodies (Abs), mouse 10E11 and C1 (dilution, 1/1,000; GeneTex) and rabbit anti-HBV core antigen (dilution, 1/1,000; DakoCytomation), was used to pull down nonenveloped HBV nucleocapsids, while enveloped virions were immunoprecipitated with mouse antipre-S1 Abs (dilution, 1:500; Santa Cruz Biotechnology). The immune complexes were isolated by incubation of samples with either protein A-or protein GSepharose beads (Sigma-Aldrich) overnight at 4°C. In control samples, cell lysates were incubated with beads only. The slurry was washed five times with PBS, and the bound nucleocapsids were eluted by boiling the samples for 10 min in 50 mM Tris-HCl buffer (pH 8) supplemented with 1 mM EDTA and 1% NP-40 with strong shaking. The viral DNA was purified from the isolated nucleocapsids by phenol-chloroform extraction and quantified by real-time PCR. To determine that the assay was quantitative, the supernatants resulting from the first immunoprecipitation were reprecipitated using the same Abs and then analyzed as described above. Only background amounts of HBV DNA were recovered following the second immunoprecipitation, confirming the quantitative pull down.
Preparation of microsomes and trypsin protection assay. Microsomes were prepared and subjected to the trypsin protection assay to establish the L protein topology, as previously described (39) . Briefly, HepG2 2.2.15 cells seeded in 75-cm 2 flasks were grown in RPMI medium supplemented with 10% FBS or LPDS. Following 48 h of treatment, cells were harvested and counted. An equal number of cells of each sample was washed with Tris-buffered saline (TBS) containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, followed by incubation with 0.1ϫ TBS for 10 min on ice. Swollen cells were disrupted by Dounce homogenization (20 strokes). Unbroken cells and nuclei were removed by centrifugation for 20 min at 2,500 rpm. The supernatant was layered on 2.7 ml of TBS containing 250 mM sucrose and centrifuged for 30 min at 41,000 rpm in an SW41Ti rotor (Beckman). The microsome pellet was resuspended in TBS and equally divided into three aliquots. Enzymatic proteolysis was performed using 25 g/ml of trypsin (Gibco), in the presence or absence of 0.5% NP-40, for 2 h on ice. One sample was maintained undigested as a control. Proteolysis was stopped by addition of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, followed by boiling for 10 min at 100°C. The proteins were resolved by SDS-PAGE and identified by Western blotting. The amounts of the L forms protected from proteolysis in intact microsomes were calculated by comparing their intensities with those in samples where no trypsin was added (considered 100%), using Quantity One software from Bio-Rad.
SDS-PAGE and Western blotting. Cells were lysed as for cholesterol quantification or used for microsome purification as described above. Lysates were clarified by centrifugation for 10 min at 14,000 ϫ g, and the protein content was determined in supernatants using the BCA method (Pierce). Equal amounts of proteins were separated by SDS-PAGE and analyzed by Western blotting following semidry transfer to nitrocellulose membranes. To investigate the efficiency of ADRP silencing, blots were incubated with mouse antiadipophilin Abs (dilution, 1:50; Progen), followed by sheep antimouse HRP Abs (dilution, 1:2,000; GE Healthcare). Trypsin digestion of the HBV envelope proteins was analyzed using either rabbit anti-HBsAg (dilution, 1:1,000; Europa Bioproducts) or mouse anti-pre-S1 Abs (Santa Cruz Biotechnology), followed by goat antirabbit (dilution, 1:2,000; Pierce) or sheep antimouse (dilution, 1:5,000; GE Healthcare) HRP Abs. Expression of the L protein in cell lysates was investigated under reducing conditions, using the mouse anti-pre-S1 Abs, as above. When calnexin or calreticulin was used as a loading control, blots were incubated with either rabbit anticalnexin (dilution, 1:4,000; Santa Cruz Biotechnology) or goat anticalreticulin (dilution, 1:500; Santa Cruz Biotechnology), followed by goat antirabbit (dilution, 1:2,000; Pierce) or donkey antigoat (dilution, 1:2,000; Santa Cruz Biotechnology) HRP Abs. Proteins were detected using an ECL (GE Healthcare) or SuperSignal West Femto maximum sensitivity substrate (Thermo Scientific) detection system according to the manufacturers' instructions.
Fluorescence microscopy. HepG2 2.2.15 and Huh7 cells were plated on coverslips at 50% confluence and transfected as described above. At 48 h pt, cells were fixed with a mixture of 4% paraformaldehyde and 0.025% glutaraldehyde for 10 min and permeabilized with 0.1% Triton X-100 for 5 min. Cells were sequentially incubated for 30 min with mouse antiadipophilin (dilution, 1:20; Progen), followed by Alexa Fluor 594-labeled goat antimouse Ab (1:500; Molecular Probes). Cells were washed with PBS and mounted with Vectashield mounting medium (Vector Laboratories) containing 4Ј,6-diamidino-2-phenylindole to visualize the nuclei.
When lipid droplet distribution was investigated, fixed and permeabilized cells were treated with Bodipy 493/503 neutral lipid dye (Invitrogen) for 10 min and then washed with PBS and mounted as described above.
To visualize free cholesterol, cells were fixed with 3% paraformaldehyde for 1 h and incubated with 1.5 mg/ml glycine for 10 min. Following incubation with 0.1 mg/ml filipin (Sigma-Aldrich) for 2 h, cells were washed with PBS and mounted as described above. All samples were analyzed under a Nikon Eclipse E600 microscope, using a ϫ40 or a ϫ60 objective.
Cholesterol replenishment of depleted cells. HepG2 2.2.15 cells were maintained in complete medium supplemented with either 10% FBS or LPDS for 24 h. In replenished samples, cholesterol (10 and 20 g/ml) was added to LPDS as complexes with methyl ␤-cyclodextrin (M␤CD). These were freshly obtained by mixing ethanol-dissolved cholesterol and M␤CD (1:10 molar ratio), followed by 15 min strong vortexing at room temperature (12) . Stock solutions of cholesterol-M␤CD complexes were passed through a 0.45-m-pore-size filter before use. The corresponding volume of solvent was added to the LPDS-treated sample as a control. Cells were thoroughly washed with PBS and detached with trypsin, and total cellular cholesterol and virus secretion was quantified by spectrofluorimetry and real time-PCR, respectively, as described above.
RESULTS
LPDS treatment results in rapid decrease of cholesterol levels in HepG2 2.2.15 cells. Chemical inhibition of intracellular cholesterol synthesis has led to conflicting results regarding HBV and SVP secretion, depending on the drug and the experimental setting used (6, 27) . The duration of treatment required to achieve an effect is usually long, which may result in unwanted effects, such as cell toxicity or upregulation of LDL receptors at the cell surface, as reported for Lova (11).
Here, an alternative way to decrease the cholesterol level was used to clarify its role on the late steps of the HBV life cycle, by preventing the uptake of LDL particles into HepG2 2.2.15 cells. To determine the efficiency of this approach, various concentrations of LPDS and FBS were added to the growth medium and cells were incubated for 24 h. As shown in Fig.  1A , the total cellular cholesterol decreased by up to 40% in the presence of LPDS. The dose-response between the LPDS/FBS ratio and the total cellular cholesterol is not unusual, as the cholesterol level cannot decrease below a certain threshold FIG. 1. LPDS treatment results in rapid decrease of cholesterol levels in HepG2 2.2.15 cells. Cells were grown for 24 h (A and C) or the times indicated (B) in complete medium supplemented with 10% FBS (considered untreated), 10% LPDS, or a mixture of the two. Where indicated, Lova or Cpz was added as a control. The level of total cellular cholesterol was measured by spectrofluorimetry, and results were normalized to total protein levels within the same samples. Data represent the means and standard deviations (SD) of triplicates from two independent experiments and are presented as percentages of the values for untreated samples. Statistical analysis showing P values was performed using Student's unpaired t test (A and B). Free cholesterol was visualized by fluorescence microscopy, following incubation with filipin, using a Nikon E600 microscope (C).
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on July 12, 2017 by guest http://jvi.asm.org/ without significant cellular toxicity. In this experimental setting, cholesterol synthesis is not inhibited and may be upregulated when the intracellular loss becomes significant. Importantly, however, our results show that the lack of exogenous cholesterol cannot be totally compensated for by intracellular synthesis. This inhibition was similar to that observed in another HBV-producing line following a 6-day incubation with a cholesterol synthesis inhibitor (6) . Extending the duration of treatment to 48 and 72 h did not alter this level of inhibition (Fig. 1B) . Interestingly, the cholesterol level was also reduced following treatment with the clathrin-mediated endocytosis inhibitor Cpz, while Lova had no impact on the cholesterol level within the 24-h time frame. The lack of cholesterol inhibition following Lova treatment is not surprising, as a longer treatment (usually more than 3 days) is required to reduce intracellular cholesterol. The lower cholesterol content within treated cell membranes was also confirmed by fluorescence microscopy, using filipin, an antibiotic which forms a fluorescent complex with free cholesterol (Fig. 1C) . A cell proliferation [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)] assay revealed no cellular toxicity following either of these treatments (data not shown).
Cholesterol depletion of HBV-producing cells results in reduced levels of secreted HBV virions and nucleocapsids but not SVPs. The consequences of this fast cholesterol depletion on secretion of both viral and subviral particles were investigated by real-time PCR and ELISA. The quantitative PCR employed detects both enveloped virion and nucleocapsids; as shown in Fig. 2A , their secretion was inhibited with increasing LPDS/FBS ratios, with the most significant effect measured (ϳ80% inhibition) when LPDS completely replaced FBS in the cell medium. Under the same treatment conditions, SVP secretion remained unchanged (Fig. 2B) . Cpz also inhibited secretion of viral particles, although less efficiently than LPDS, but had no impact on SVP secretion ( Fig. 2A and B) . The short treatment with Lova resulted in no impact on secretion of either viral or subviral particles, which is consistent with the lack of cholesterol inhibition ( Fig. 2A and B) .
Growing the HepG2 2.2.15 cells in LPDS supplemented with soluble cholesterol had a minor effect on the total cellular cholesterol level, despite the high concentration used (up to 60 g/ml; data not shown). However, when cholesterol was added to LPDS as complexes with M␤CD, the total cellular amount was almost completely restored in 24 h (Fig. 2C) , which is likely a consequence of a more efficient uptake. Under the same conditions, secretion of HBV particles was recovered up to 65% (Fig. 2C) .
HBV assembly but not replication is impaired in cholesteroldepleted cells. The reduced amount of viral particles secreted from cholesterol-depleted HepG2 2.2.15 cells could reflect an inhibition of replication and/or particle assembly or of a trafficking event at the level of the secretory pathway. To discriminate between these possibilities, HBV replication was analyzed by Southern blotting with a specific probe, following 24 h treatment with 10% LPDS. Controls included cells incubated in either complete medium or medium containing the replication inhibitor 3TC. Two major replication forms (RFs) were present in cells grown in either complete or delipidated medium, while their synthesis was significantly inhibited in 3TC- treated cells (Fig. 3A, top) . Interestingly, the intensity of both replication intermediates appeared to increase in LPDStreated cells; therefore, to further investigate this effect, the treatment was extended to 48 and 72 h. Indeed, an important, time-dependent accumulation of both HBV replication intermediates was observed in treated cells compared to controls (Fig. 3A, top) , which was further quantified (Fig. 3A, bottom) . The amount of the envelope proteins was quantitatively determined in the same samples by ELISA, revealing a completely different behavior (Fig. 3B) .
Biosynthesis of the L proteins was next analyzed by Western blotting of cell lysates under reducing conditions. The results show a similar expression of the L polypeptides in all samples (Fig. 3C, top) , which was further quantified in Fig. 3C, bottom .
In infected cells, HBV DNA replication intermediates can originate from both fully enveloped virions and nucleocapsids. To determine which species accumulate in LPDS-treated cells, samples were split in two and specific immunoprecipitation was performed on each half, using either a mixture of anti-core Abs, to pull down nonenveloped HBV nucleocapsids, or the anti-pre-S1 Abs, to isolate the enveloped virions. The viral DNA was further purified from bound complexes and subjected to real-time PCR.
Interestingly, the ratio of nucleocapsids in LPDS-treated to control cells significantly increased, in a time-dependent manner, by 2.5-fold at 72 h of treatment (Fig. 4A) . In contrast, the ratio of virions in LPDS-treated to control cells increased only slightly at 24 h; however, the trend reversed at 48 and 72 h (Fig.  4B) . Together, these results point at viral envelopment rather than secretion being perturbed in cholesterol-depleted cells. This conclusion is also supported by the lack of effect of cholesterol depletion on SVP secretion, provided the two types of particles are released from the cell through a common pathway, following assembly at distinct sites. To further investigate this, the effect of several trafficking inhibitors on both HBV and SVP secretion was analyzed. The early secretion steps were inhibited using BFA, a fungal metabolite, which blocks the anterograde transport from the ER to the Golgi apparatus (36) . The Golgi apparatus events were interfered with by using the macrolide antibiotic BAF, an inhibitor of vacuolar proton ATPase activity along the Golgi apparatus cisternae (15) , and WO, a potent inhibitor of the phosphatidylinositol 3-kinase activity involved in trafficking at the trans-Golgi apparatus level (32) . The pH gradient in the Golgi apparatus was also disrupted by treatment with CQ, an acidotropic compound (40) . As shown in Fig. 5A and B, a similar pattern of inhibition of secretion was observed for both virions and SVPs, suggesting that a common export route is used as early as post-ER. The drugs appeared to be more potent in inhibiting SVPs during the short time frame (6 h) of treatment, which could be the consequence of virions and SVPs being trafficked at different rates through the secretory pathway.
Impaired HBV assembly is not linked to inhibition of LD morphogenesis in cholesterol-depleted cells. LDs are ER-derived organelles containing a core of neutral lipids surrounded by a monolayer of phospholipids and several proteins (48). They are found in different cell types, including hepatocytes, under normal conditions. Initially considered simple lipid storage organelles, LDs gained considerable attention when a link between their metabolism and important human diseases, such 2.15 cells, either grown in LPDS for the times indicated or maintained untreated, were subjected to SDS-PAGE under reducing conditions. Expression of the unglycosylated (p) and glycosylated (gp) L proteins and calnexin (loading control) was analyzed by Western blotting using specific Abs (top) and quantified using Quantity One software (bottom). (Fig. 6A) . Intriguingly, fluorescence microscopy colocalization studies performed in our laboratory often revealed the presence of the S envelope protein in close vicinity of the LD marker ADRP (data not shown). The recent association of LDs with morphogenesis of several enveloped human viruses (34, 42) , together with our observation regarding the strong effect of LPDS treatment on both LD accumulation and HBV assembly, prompted a more detailed analysis of a potential link between the two processes.
In a first approach, expression of ADRP, which plays a key role in LD structural integrity, was silenced using two concentrations of specific siRNA. The efficiency of ADRP knockdown was monitored by Western blotting, using calnexin expression as a total protein gel-loading control. As shown in Fig. 6B (left), a significant, albeit not complete, inhibition of ADRP was observed in HepG2 2.2.15 cells transfected with 10 nM specific siRNA. Increasing the siRNA concentration to 50 nM resulted in a rather moderate inhibition of ADRP expression. To determine whether this unusual inhibition profile was artifactual, the silencing experiments were also performed in Huh7 cells. Again, transfecting cells with 50 nM siRNA had little effect on ADRP biosynthesis, while the 10 nM concentration resulted in a nearly total loss of expression (Fig. 6B,  right) . Unlike Huh7 cells, HepG2 2.215 cells are notoriously difficult to transfect, which may explain the lower efficiency of ADRP silencing in these cells, even when using the more potent, 10 nM siRNA concentration.
Consistent with the results obtained by Western blotting (quantified in Fig. 6C) , silencing of ADRP expression in HepG2 2.2.15 cells was clearly observed by fluorescence microscopy using anti-ADRP Abs. Moreover, LD lipid core staining with Bodipy revealed a strong reduction of both number and size, suggesting that the level of ADRP inhibition was sufficient to affect LD morphogenesis (Fig. 6D) .
In a second approach, HepG2 2.2.15 cells were treated with C75, a fatty acid synthase inhibitor previously reported to re- Cells were lysed at 48 h pt, and equal amounts of protein were loaded on SDS-polyacrylamide gels. ADRP and calnexin (protein loading control) expression was analyzed by Western blotting using specific Abs. (C) ADRP and calnexin levels were quantified using Quantity One software. (D) HepG2 2.2.15 cells were transfected with 10 nM either ADRP-specific or scrambled siRNA for 24 h. ADRP expression (top) and LD core (bottom) were evidenced by fluorescence microscopy, using ADRP-specific Abs or Bodipy 493/503 and a Nikon E600 fluorescence microscope. Topology of the L envelope protein is altered in cholesteroldepleted cells. HBV envelopment is believed to occur at post-ER/pre-Golgi apparatus membranes, where the cytosolic nucleocapsids are packaged inside a lipid envelope containing the S, M, and L transmembrane proteins (20) . A crucial role in this process is played by the L protein, which performs a matrix-like function at the virion budding site, in addition to mediating receptor binding during viral attachment to the target cell. The exceptional, multifunctional nature of L depends on its dual transmembrane topology at the ER membrane, established after polypeptide synthesis. This is the consequence of the partial translocation of the pre-S domain across membranes, with the mature L protein disposing this domain oriented to both the cytosolic and the luminal sides of the ER (23) . Unlike mature virions, SVPs assemble and secrete normally in the absence of the L protein (7). Therefore, a potential modification of L conformation in cholesterol-depleted cells could account for the poor assembly of virions, while SVPs remain unaffected. To test this hypothesis, microsomes were purified from LPDS-treated and control cells, and L protein topology was investigated by determination of the susceptibility of the pre-S domain to trypsin digestion in the absence and the presence of a nondenaturing detergent (NP-40). While the pre-S domain of newly synthesized L polypeptide is almost fully cleaved by trypsin, it becomes increasingly protected following translocation within the ER lumen, yielding up to 50 to 80% resistant polypeptide chains at steady state (39) .
The L protein was detected by Western blotting either as a dimer with S, using the anti-S Abs and nonreducing conditions (Fig. 8A) , or as the nonglycosylated (pL) and glycosylated (gpL) polypeptides, using the anti-pre-S1 Abs and reducing conditions (Fig. 8B) . The anti-S Abs used in the experiment depicted in Fig. 8A (top) recognize the S-containing homoand heterodimers expressed in HepG2 2.2.15 cells but not the fully reduced corresponding monomers (note the lane marked with an asterisk). Detection of the ER-resident protein calreticulin was used as a total protein gel-loading control, as it was previously reported to resist trypsin digestion when fully folded and loaded with calcium under mild reaction conditions, such as those used in this experiment (13) . As shown in Fig. 8A (bottom), the loss of the pre-S domain of the L protein in the presence of trypsin resulted in a reduced intensity of the SL band in intact microsomes and its complete disappearance in detergent-treated samples. Interestingly, this reduction was significantly attenuated in LPDS-treated cells compared to the control. A similar effect was observed when the L polypeptides were independently analyzed under reducing conditions, using the anti-pre-S1 Abs (Fig. 8B) . Despite equal protein loading, a slight increase of the total amount of L proteins was observed in LPDS-treated cells, which was confirmed in repeated experiments. This may reflect an accumulation of the protein in microsomes, when normal viral envelopment and subsequent secretion are perturbed.
The band corresponding to the SM/SS heterodimers was not affected by trypsin digestion, regardless of whether the microsomes were intact or disrupted by NP-40 treatment (Fig. 8A,  bottom) . This is consistent with the pre-S2 domain of the M protein being fully translocated and the unusual resistance of the S domain to trypsin hydrolysis, despite the existence of specific cleavage sites, as previously demonstrated (39) .
The amounts of the L and S forms protected from proteolysis in intact microsomes were determined using Quantity One software. The results revealed that about 50 to 60% L molecules (detected either as heterodimers with S or as reduced polypeptides) were protected in control cells, as expected. In contrast, LPDS treatment yielded 75 and 90% trypsin resistance of L polypeptides and SL dimers, respectively (Fig. 8C) . These results show that altering the intracellular cholesterol level enhances translocation of the pre-S domain across the ER membrane.
DISCUSSION
Despite the wide recognition that cholesterol is an important component of the membrane of enveloped viruses, little is known about how cholesterol is involved in viral morphogenesis. Most of our knowledge about the role of cholesterol in viral assembly is limited to the function of lipid rafts, the sphingolipid-and cholesterol-enriched microdomains of the plasma membrane. Several enveloped viruses use raft-like domains as platforms for virion assembly, e.g., HIV (10), Ebola and Marburg viruses (4), measles virus (49), and influenza virus (25, 47) . More recently, LDs, the storage organelles for triglycerides and cholesterol esters, were shown to be involved in assembly of viruses in the Flaviviridae family (42, 45) .
The role of cholesterol in HBV replication as well as virion and SVP assembly was investigated in this work, following removal of lipoproteins from the cell medium or chemical inhibition of LDL endocytosis. This strategy was based on the hypothesis that exogenous cholesterol, which is normally released from lipoprotein cholesterol esters in late endosomes/ lysosomes and LDs, would not be available to the cells. Indeed, a 40% reduction of the cholesterol level was observed in HepG2 2.2.15 cells after only 24 h of treatment, demonstrating that this pool of cholesterol significantly contributes to the total intracellular content. The results also show that cholesterol synthesis either was not significantly upregulated in these cells or could not compensate for the initial loss. As a consequence, secretion of viral particles was inhibited by ϳ80%, while SVPs were not affected. Addition of cholesterol-M␤CD complexes to LPDS-treated cells recovered about half of this inhibition, despite the total cholesterol amount being almost totally restored. This interesting effect may be explained by a different uptake, trafficking, and further distribution efficiency to intracellular membranes, including the site of HBV assembly of cholesterol complexes, as opposed to the LDL-linked cholesterol. This result points at cholesterol being a central factor of this inhibition; however, the incomplete restoration of the viral secretion suggests that other, yet unidentified factors may also contribute to the overall consequences observed on HBV.
The decreased viral load in cell supernatants was not caused by a perturbation of HBV replication, as the Southern blotting assay revealed the same DNA intermediates in nucleocapsids purified from both LPDS-treated and control cells. Instead, viral DNA accumulated within treated cells in a time-dependent manner. A distinction between the HBV forms at different stages of maturation was made by specific immunoprecipi-tation with either capsid-or L protein-specific Abs. While the ratio of nucleocapsids in LPDS-treated to control cells increased with prolonged treatment, an opposite effect on mature virions was observed, which is an indication that fewer nucleocapsids acquired their envelope. This accumulation is rather intriguing, since hepatoma cell lines are able to release naked core particles, in addition to mature virions (44) . The process was not observed in HBV-infected patients; therefore, it was assumed to be solely a result of cell lysis in vitro and attracted little further interest; however, a specific secretion pathway has not been completely disregarded. A study performed on cells infected with the avian homologue, the duck HBV (DHBV), showed that the pool of the envelopmentcompetent nucleocapsids containing mature viral DNA genome tightly associates with the ER membrane, possibly at the budding site, while immature nucleocapsids are excluded (29) . In this model, naked core particles, found in the cell medium, display the same characteristics as the intracellular, mature nucleocapsids. Therefore, it was suggested that their secretion is mediated by direct membrane binding and interaction with nonviral components, such as phospholipids and membrane proteins, and could result from nucleocapsid overproduction in transfected cells. Since assembly and secretion of SVPs occur normally, while naked nucleocapsids accumulate in delipidated cells, despite containing mature DNA, our results are in favor of such a model. Thus, it is conceivable that the abrupt decrease of the intracellular cholesterol content may influence the membrane stability and the anchorage of nucleocapsids at the ER membrane, while SVPs do not depend on such a mechanism. These results reinforce the notion that SVPs and virions assemble in different compartments of the ER, which may have distinct requirements for membrane lipid composition. Both particles are further released into the common secretory pathway, as demonstrated by the similar inhibition of secretion, using a series of trafficking inhibitors. Although enriched in cholesterol and functionally depending on it, caveolin-1-positive lipid rafts could not be linked to either of these processes. As shown in a previously published report, virions and SVPs were normally secreted from cells with altered expression of this protein (30) .
The mechanism by which nucleocapsids receive their envelope is not completely resolved; however, a role for the L protein and its dual conformation has been clearly documented (8, 26) .
Virion formation depends on the interaction of nucleocapsids with the cytoplasmically exposed pre-S region of the L protein. Here, we used the trypsin protection assay at steady state as a convenient marker for the partial translocation of the pre-S domain of the L protein into the ER lumen. The results showed an increased protection of the pre-S domain to trypsin digestion in intact microsomes, which is an indication that a lower number of L polypeptides are in a pre-S cytosol-oriented conformation and, thus, are less available for nucleocapsid recruitment at the budding site. It is known that cholesterol insertion into the lipid bilayers of cellular membranes reduces the free space available for molecular movement, rendering these structures more rigid (46) . This change of properties has been shown to influence the function of many membrane proteins (3, 50) . Cholesterol levels vary significantly between different cellular membranes of the eukaryotic cell, with its lowest level being in the ER and with the level increasing throughout FIG. 8 . Evaluation of the L protein topology in purified microsomes. Cells were grown in complete medium supplemented with 10% FBS or LPDS for 48 h. Following treatment, microsomes were purified from an equal number of cells, split into three aliquots, and treated or not with trypsin and NP-40, as indicated. Proteins were subjected to SDS-PAGE under nonreducing (A) or reducing (B) conditions, followed by Western blotting. The sample marked with an asterisk was denatured in the presence of 20 mM dithiothreitol before loading (A, top). Calreticulin expression was used as total protein, gel loading control (B). The amounts of S and L forms protected from proteolysis in intact microsomes were calculated by comparing their intensities with those in samples where no trypsin was added (considered 100%), using Quantity One software. Statistical analysis showing P values was performed using Student's unpaired t test (C).
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the secretory pathway (28) . Thus, it is conceivable that ERresident events involving transmembrane proteins, such as viral assembly, might be particularly sensitive to very small deviations of the cholesterol level from a critical threshold. Interestingly, in a previous study, cholesterol was found to inhibit an early step in Sec61-dependent protein translocation across the microsomal membrane, when supplemented at a concentration similar to that in the Golgi apparatus but significantly lower than that in the plasma membrane (35) . In a mirror scenario, cholesterol depletion of the ER membrane could lead to an opposite effect, that is, a decrease in membrane rigidity and a more efficient translocation of the pre-S domain of the L protein.
It remains to be established whether other molecules, such as Hsc70 and BiP, the two chaperones involved in guiding the pre-S translocation at the ER membrane, play a role in this effect (39) . Their synthesis was not altered in delipidated cells (data not shown); however, a direct interaction of the L protein with the endogenously expressed proteins could not be investigated in this system, because of their lower expression level in these cells. Nevertheless, our results suggest that interfering with cholesterol uptake and intracellular trafficking or decreasing cellular cholesterol levels by other means (37) may represent efficient alternatives to inhibiting enzymes of the synthesis pathway for the development of new antiviral strategies against enveloped viruses.
